Abstract: The paper discloses a non-invasive method of visual inspection based on processing of images taken for blade surfaces in the spectrum of visible light and then analyzed with the use of a computer
Introduction
Each turbine is a rotary fluid-flow machine that converts enthalpy of a working agent, also referred to as the thermodynamic agent (stream of exhaust gas, gas products of fuel decomposition or compressed gas), into usable work that entails revolutions of the turbine rotor. For avionic applications, gas turbines are structural components of turbojet, turboprop or helicopter engines. Power of the turbine is crucial for the engine performance and each improvement of its efficiency leads to increase of the engine thrust (power) and reduction of fuel consumption per power unit. Operation of turbines entails wear and tear processes, where turbine blades are the components most exposed to damage and their technical condition is crucial for reliability and operation lifetime of both the entire turbine and the unit where the turbine is installed [9] . Durability of turbine blades is a superposition of many factors, where the turbine material is the most important one. In terms of the material durability, the lifetime can be defined as the time of the turbine operation when properties of the alloy remain intact, just the same as after the manufacturing process. Invariability of the alloy properties (assumed lifetime resource) can be achieved as early as in the engineering phase by selection of sufficiently reliable characteristics of the material (as compared to expected loads and with consideration to variations of these characteristics in pace with the turbine operation). In terms of the material structure, the perfect and steady characteristics of the material are achieved by its appropriate microstructure that is immune to weakening during the turbine operation. These are the structural criteria that are adopted as the criterion of durability [4, 6, 10] . The components of a gas turbine are subject to deterioration during its operation as a result of the following processes [1, 2, 4, 8, 11] :  Overheating and melting.  Material creeping.  Thermal and thermomechanical fatigue associated with high frequency and low frequency thermal cycles.  Cracking due to corrosion and fatigue of materials.  Chemical and intercrystalline corrosion.  Erosion.  Plastic (irreversible) deformations.  Others. A predominant majority of defects affecting gas turbine blades is caused by improper operation (adjustment) of subassemblies collaborating with the turbine, chiefly the combustion chamber and, in case of turbines in avionic turbojet engines, also the exhaust nozzle (in particular the mechanism for adjustment of its discharge cross-section). Other reasons for overheating of blades include exceeding of the maximum permissible temperature of the exhaust gas upstream the turbine and non-uniform distribution of the exhaust gas temperature down the perimeter of the combustion chamber [8] . Important reasons for a non-uniform distribution of temperature comprise disturbed spraying of fuel due to deposition of carbon black on injectors and incomplete combustion of fuel inside the combustion chamber [3] . a) b) c)
Fig. 1 Examples for deterioration of turbine blades caused by excessive temperature of the exhaust gas: a) overheating and cracks on the leading edge;
b) burn-out of the tip end; c) tip end tear off [9] The objective of troubleshooting procedures is to assess the technical condition of machinery components and to decide whether or not they are still suitable for further operation. Troubleshooting engineers should also make predictions about the component condition during both the upcoming and long-lasting time periods. In case of non-destructive tests (NDT), the assessment is sometimes based on subjective impressions of the test engineer. It is why jobs performed by them are extremely responsible due to the need to make a decision whether or not the component is still good enough for further use. On one hand, there is a risk of replacing and discarding a part which could possibly be in service for a long time, but on the other hand, leaving a suspicious part in service may lead to a fatal accident caused by its excessive wear and tear. The ability of a human to correctly assess the technical condition of a machine depends on a series of external factors; therefore, efforts have been commenced to develop objective tools for assessment of the technical condition demonstrated by machinery parts. Continuous progress in digital technologies is conducive to computerization of all maintenance processes, including troubleshooting procedures. Development of a relevant algorithm for computer-aided judging whether or not a specific part is still in service condition requires a selection of a set and form of input signals and parameters that shall be subjected to the analysis [4] . Reliability of the technical condition assessment stems from a series of factors, e.g. skills and experience of test engineers, troubleshooting methods, reliability of troubleshooting instruments, external conditions of the experiment, etc. Errors in subjective assessment of a test engineer may lead to aliasing of faults when an overheated blade can be considered as a good one or vice versa [2] . In the first case, an avionic fatal incident may happen in a short time, whilst the latter one entails a very expensive and time consuming major overhaul of the engine. In some cases, troubleshooting of the turbine blade condition may employ not only the sharp classification "good -not good" but also a third result of the assessment -"the part is provisionally suitable for operation". It also refers to gas turbines which are incorporated into structures of avionic turbojet engines, i.e. the expensive machinery where the relationship between lifetime of components and operational expenses should be kept at the maximum possible reasonable level. It is why the three-step scale is used in cases when the overheating degree manifested by intensity of blade discoloration and the size and location of the discoloured area on the blade surface subjects to discrete assessment by the test engineer. Should the overheating degree of the blade be considered as "provisionally suitable", further inspections of the blade condition are carried out on regular basis until the blade reaches the "not good" status. It enables extension of the service life (MTTF) of the turbine (alike the expensive avionic engine) and makes it possible to operate the engine even if the blades are insignificantly damaged with reduction of the entire operation expenses of the turbine. Obviously, in no way may it compromise flight safety of the aircraft where the engine with the continuously monitored turbine is installed.
Methods for assessment of the technical condition demonstrated by blades of gas turbines
Despite the fact that destructive investigations, i.e. metallographic tests, provide much more information about the material structure of the object under test, such investigations eventually disable further operation of the object. It is why the most widespread method of investigation of the blade condition is visual inspection. The method assumes the use of various optoelectronic equipment, like videoscopes or analyzer of video images. Such appliances enable acquisition of photographs from poorly accessible machinery components and confined areas. The device consists of a central control unit used as a portable computer workstation which enables management of acquired information and an inspection camera provided with a powerful source of light. Images acquired for surfaces of gas turbine blades are stored in the form of digitalized images with the 24-bit data length and the RGB imaging system [2] . It is the basic format for colour images which makes it possible to use as much as 16 777 216 colours, since each basic colour (red, green and blue) may adopt 256 different shades.
Any colour can be expressed by three numbers ranging from 0 to 255. White colour is encoded by three numbers [255, 255, 255] whilst black colour corresponds to the Cartesian product of [0, 0, 0]. The RGB model substantially differs from the manner in which colours are identified by human eye, where the process of colour recognition is based on evaluation of its attributes [2] . The colour attribute is understood as a characteristic and inseparable feature used to define one of the three following properties: (i) colour shade (colour, hue) -quality difference of colours, (ii) saturationdeviation of the specific colour from whiteness, (iii) brightness -indicates whether the specific colour is closer to whiteness or darkness. Processing and analysis of acquired images were carried out with dedicated software routines developed in the Matlab environment. The use of these routines made it possible to obtain parameters which serve to assess whether and how much the blade feather is damaged due to overheating of its material. These parameters are determined from a histogram for brightness distribution . For digital images, the histogram represents how often specific values of pixels occur in the image. The Xaxis counts subsequent values of brightness level from 0, which stands for blackness, up to 255 which corresponds to whiteness. On the other hand, the Y-axis indicates the number of image pixels with various levels of brightness. Histograms can be plotted not only for black and white images but also for each basic colour, where zero stands for the darkest shade of the colour and 255 corresponds to the brightest one.
Histograms are represented by a vector, where its length is equal to the number of brightness levels for the specific image, thus it can be expressed in the following way [2] :
where:   
Moreover, the histogram can be expressed in the normalized form, where each value of the histogram is divided by the total number of image pixels (M·N).
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Investigation results
Investigations were carried out for blades of the first stage (circle) of the avionic turbine rotor. Blades were manufactured by casting of nickel and cobalt alloy. The blades are cooled from the inside by an air stream bled from a location downstream the turbine compressor. The examinations were carried out for a new blade and blades that have already been in use. Initially, the used blades were visually classified by the colour of the leading edge and sorted by the increasing area of the blade discolouration. Blade discolouration and the area of discoloured surface serve as the symptom for blade deterioration due to the effect of combustion gas (thermal and mechanical impact). Images for leading edges were acquired for individual blades by means of a videoscope. To obtains images without interferences (reflections of light), the blades were placed in a dedicated chamber capable of light absorbing (with black walls) (Fig. 2) .
Fig. 2 Examples of images for leading edges acquired for used blades and damaged fragment of that edge adopted for statistical analysis.
The acquired images were then processed by means of bespoken software to achieve plots for histogram envelopes and to determine the maximum brightness which corresponds to the maximum saturation. Due to the irregular shape of the plotted histograms, it proved difficult to find the level of brightness adopted by the largest number of pixels. For that reason, a low-pass Butterworth filter of 4th rank was adopted [8] , which allowed smoothing of the histogram plot and determination of the brightness level associated with the maximum saturation (Fig. 3) . The histograms of brightness distribution for images of leading edges were then used to establish statistical parameters for each blade. The most important parameter is the saturation level for grey shades referred to as "RO saturation", since it reflects the average level of grey shade for the blade surface under investigation. It was demonstrated that the area of a damaged leading edge increases in pace with deterioration of the technical condition demonstrated by blades. In addition, the colour of that surface subjects to variations as well, from light brown through grey to dark grey. It entails decreasing of the brightness level -RO saturation -towards the dark shade of grey (Fig. 4) .
Initial assessment provided by the test engineer is then verified by the destructive method. The blade under test undergoes analysis of its microstructure on a metallographic polished section. The assessment consists of examination of microstructure demonstrated by blades which have already been in use, comparison of the outcome against the microstructure of a brand new (reference) blade and execution of the diagnostic inferring process to make the final decision with regard to the blade condition. Investigations of the blade microstructures were carried out for samples already cut out from blades. After grinding and mechanical polishing, the samples were etched with the use of the Kallings reagent. Observations and recording of images were carried out with the use of both an optical and a scanning microscope. The typical structure of a blade superalloy was determined on crosswise metallographic polished microsections completed for the leading edges of individual blades (Fig. 5) . Metallographic investigations of blades that have already been in use made it possible to detect alterations of their microstructure as compared to a brand new blade. First and foremost, changes took place in the morphology of intermetallic (reinforcing) particles of the γ' phase (Fig. 5) . It was established that microstructures of both heat resistant coating and the parent metal have altered in pace with deterioration of the technical condition demonstrated by the blades and manifested by discolouration of the leading edge.
Comparison of results from the statistical analysis (Fig. 4) against the outcome from investigation of microstructure alterations makes it possible to establish that decrease of "RO saturation" is associated with coagulation of particles within the intermetallic γ ' phase (Fig. 5) . The minimum level of "RO saturation" occurs between the blades No. 4 (considered as overheated and unsuitable for use) and No. 5 (also considered as overheated, cracked and unsuitable for further use). Shades of cracks on the leading edge are brighter than the overheated surface; therefore, the "RO saturation" parameter is slightly higher for the blade No. 5 than the one for blade No. 4. Morphology of the γ' phase depends on the sign of mechanical relaxation. Axial tensile force whichaffects the blade when the turbine rotor revolves is conducive to expansion of the ' phase down the plane perpendicular to the tensile force vector [5] . It leads to formation of plates (Fig. 5e ) from the primary cubical shapes of particles (Fig. 5a) , where the wider planes of the plates extend perpendicularly to the tensile force vector whilst the narrow sides are perpendicular to other edges of the cube [6] . Expansion of the ' phase particles leads to deterioration of their stability, which results in coagulation of some particles and dissolving of other ones. That process takes place at a specific temperature and duration of exhaust gas impact characteristic for each phase. According to the authors of the study [5] , exceeding of the temperature of 1223K triggers intense volumetric expansions of the ' formation phase even if the duration of the temperature impact is pretty short, which leads to loss of the shape stability and formation of the intermetallic plates. Similar results were achieved in the study [7] where the Udimet 700 alloy was investigated. Structures in the form of intermetallic plates presented less impact onto the offset yield stress than in the case of cubical formations when the temperature exceeds 1093K. Kinetic features of phase ' formations depends on the saturation degree with alloy elements of the  phase, whilst shapes of intermetallic formation depend on the degree of incompatibility between their lattice and the lattice of the alloy matrix.
When the incompatibility degree is a = 0.2 %, the intermetallic phase ' is formed as spherical structures; at a = 0.5 -1%, it adopts the cubical shape, whilst at a = 1.2 %, it forms shapes of plates [7] . The theory of formation reinforcements by intermetallic phases says that the crucial factors deciding about the reinforcement degree are the diameter of ' particles and the space between them.
These parameters depend on the rates of the ' phase particles extension and of their coagulation [7, 10] . Fig.6 Interrelationship between shares of the ' phase particles and creeping resistance R z /1000 at the temperature 1090K plotted for nickel alloys [7] : 1 -cast alloys; 2 -cold formed alloys.
The chemical composition of the ' phase substantially affects the value aγ' of its lattice parameter and associated degree a of incompatibility with the matrix lattice aγ, where a = (aγ  aγ') / aγ. It affects the morphology of phase '
formations and ranges of its durability. It turns out that the incompatibility degree is a function of temperature. According to the author of the study [7] , the highest degree of heat resistance is found in the alloys with a positive value of the incompatibility factor for lattices of these two phases. When the degree of incompatibility between lattices grows from 0.16 to 0.80, the tensile strength of alloys containing Nb and Ta elements grows by more than 200 MPa at the temperature of 1130K [7, 10] . Chemical composition, morphology and deployment of the ' phase within the structure of formations have crucial impact on the strength properties of superalloys (Fig. 6) . Extension of that phase leads to coagulation of formations and alteration of their shapes from cubical into plate structures. In addition, its percentage share within the alloy structure is diminished, which leads to decay of such alloy parameters as heat resistance and high temperature creep resistance.
Recapitulation and conclusions
The deterioration process of gas turbine blades begins from destruction of its heat resistant coating. Consequently, the parent metal of the blade is exposed to direct thermal and chemical impact of exhaust gas. First and foremost, it leads to overheating of the blade material manifested by detrimental alterations of its microstructure. The factors which affect that phenomenon include the supercritical temperature, duration of its impact and chemical aggressiveness of the exhaust gas.
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The results obtained from research studies and analyses make it possible to conclude that troubleshooting of gas turbine blades with digital processing of images taken for its surface offers new opportunities to determine the condition of blades after a long-term impact of a working agent at high temperature. One has to note that accuracy of the method which involves digital processing of images acquired for blade surfaces is affected by many factors, such as illumination, contrast, reflection of light, etc. Information extracted from digital images of blade surfaces and correlated with the outcome of metallographic tests makes it possible to establish the relationship between alterations of the material infrastructure and images of blade surfaces. Such an approach is more reliable than a direct and subjective assessment of blade condition by visual inspection.
